ABSTRACT The membrane-derived oligosaccharides (MDO) of Escherichia coli are periplasmic constituents containing 8-10 glucose units in a highly branched structure, linked by fi 1-2 and f3 1-6 bonds [Schneider, J. E., Reinhold, V., Rumley (1) discovered that the turnover of membrane phospholipids in Escherichia coli is related to the biosynthesis of a hitherto-unrecognized class of cell constituent-the membrane-derived oligosaccharides (MDO). MDO of E. coli are a family of closely related substances containing about 8-10 glucose units/mol in a highly branched structure, joined by 83 1-2 and /3 1-6 linkages (2). They are variously substituted with sn-l-phosphoglycerol and phosphoethanolamine residues derived from the membrane phospholipids. Some species also contain O-succinyl ester residues, adding to their net negative charge.
In 1973, van Golde et aL (1) discovered that the turnover of membrane phospholipids in Escherichia coli is related to the biosynthesis of a hitherto-unrecognized class of cell constituent-the membrane-derived oligosaccharides (MDO). MDO of E. coli are a family of closely related substances containing about 8-10 glucose units/mol in a highly branched structure, joined by 83 1-2 and /3 1-6 linkages (2). They are variously substituted with sn-l-phosphoglycerol and phosphoethanolamine residues derived from the membrane phospholipids. Some species also contain O-succinyl ester residues, adding to their net negative charge.
MDO are localized in the periplasmic space ofE. coli (3) . This fact, together with their high abundance, wide occurrence in Gram-negative organisms, and relation to the metabolism of membrane lipids, suggests an essential function localized at the cell surface. The present paper reports evidence that the synthesis of MDO is an important aspect of osmoregulation in E.
coli.
MATERIALS AND METHODS
Bacterial Strains. The strains ofE. coli used in this work are listed in Table 1. Medium. Cells were grown at 370C with vigorous aeration on a rotary shaker in low osmolarity medium containing KH2PO4 (1 mM), (NH4)2SO4 (1.5 mM), MgC12 (0.08 mM), FeSO4 (0.5 mg/liter), and thiamine (2 mg/liter). The medium was supplemented with Difco Casamino acids (5 g/liter) and adjusted to pH 7 with Tris free base. The osmolarity of this [2-3H] glycerol in medium ofmoderate osmolarity, but the small amounts of labeled non-MDO material may constitute a significant fraction of the reduced amount of radioactivity found in this fraction after growth on medium ofhigh osmolarity. Therefore, in some experiments the pyridine extract was analyzed further by chromatography on Sephadex G-25, from which MDO emerges in a well-defined peak (1).
EXPERIMENTAL RESULTS
Osmolarity ofthe Medium Regulates the Synthesis of MDO. Strain BB 26-36 (plsB) requires exogenous glycerol or glycerophosphate for growth (4) . Because sn-l-phosphoglycerol residues derived from phosphatidylglycerol are major constituents of MDO, it is convenient to determine the amounts of synthesis of MDO by measuring the radioactivity of the MDO fraction after growth of cells on [2-3H] When cultures of BB 26-36 were grown in media adjusted to various osmolarities by the addition of NaCl, the levels of labeled MDO recovered were strikingly reduced ( Fig. 1 ) with increasing osmolarity of the medium.
The effect of added NaCl in the medium in reducing the amounts of MDO synthesized was not a specific effect of this salt. Essentially the same result was observed when the osmolarity of the medium was increased with other salts or with sucrose ( Table 2) .
The labeled MDO derived from cells grown on medium of high or low osmolarity was further analyzed by chromatography on Sephadex G-25 (Fig. 2 ). In the extract from cells grown on medium of low osmolarity, the labeled MDO comprised 88% of the total radioactivity of the extract. In contrast, labeled MDO represented only 37% ofthe label in the pyridine extract derived from cells grown on medium of high osmolarity. Thus, the effect of osmolarity in regulating MDO synthesis was even more dramatic than is shown in Fig. 1 Biochemistry: Kennedy erates a signal that increases the synthesis of some essential protein(s). The synthesis of new protein must be required because MDO synthesis is not stimulated by a shift to medium of lower osmolarity if the synthesis of new protein is prevented by the addition of chloramphenicol. The protein(s) whose synthesis thus is required may be enzyme(s) needed for the biosynthesis of MDO or may act as regulator(s) of these enzymes. When MDO synthesis is activated to maximal levels by growth in medium of minimal osmolarity, synthesis at high rates continues after transition to medium of high osmolarity. Thus, the enzymes of MDO synthesis are not inhibited by the conditions of growth in high osmolarity; rather their activity seems to be reduced simply by dilution during growth in the new medium. Regulation is, thus, primarily at the genetic level.
In their important studies, Epstein and his collaborators have shown that potassium transport plays a vital role in osmoregulation in E. coli (8, 9) . Laimins et aL (9) found that the activity of the high-affinity Kdp system, one of two transport systems for potassium in E. coli, responds to the osmolarity of the medium. An increase in osmolarity at constant concentration of potassium in the medium increased the expression of the kdp operon. These investigators suggested that the product of the kdpD gene, tentatively identified as a membrane-bound protein with a molecular weight of 90,000, may exist in either of two conformations. When the osmolarity of the medium is increased, the turgor pressure on the inner membrane, reflecting the differential between the osmolarity ofthe cytoplasm and the external medium, is decreased. It is proposed that under these conditions the membrane-bound KdpD protein assumes a conformation that allows it to interact with a promoter region ofthe kdp operon, increasing its transcription.
The osmolarity of the medium also strikingly affects the proportionate amounts of two major outer membrane proteins, OmpC and OmpF, products of the ompC and ompF gene, respectively (10) (11) (12) . In their model for the regulation of the synthesis of these outer membrane proteins, Hall and Silhavy (13) suggest that the product of a gene designated envZ [previously designated perA (14) ] plays an essential role. It is proposed that the envZ gene product is an envelope protein that senses the external environment and then transduces a cytoplasmic signal, which determines the expression of the desired outer membrane protein. The signal provided by the envZ gene regulates the dimerization of a cytoplasmic, bifunctional regulatory protein, product of the ompR gene. The OmpR protein, in one of its two possible forms, in turn regulates the expression of the ompC and ompF genes. Mutations in the envZ gene are pleiotropic, affecting a number of periplasmic and outer membrane proteins. Thus, in the model ofHall and Silhavy (13) , an osmotic sensor is postulated to regulate more than one system. In contrast, the model of Laimins et aL (9) suggests that the osmotic sensor regulating the Kdp system directly regulates that system. In view of the large number of changes in cell structures and composition involved in osmoregulation, models postulating general osmotic sensors that coordinately regulate more than one system seem perhaps more economical, but much further work is obviously needed to understand the molecular basis of osmoregulation.
